The difference in sizes of conserved stretches of DNA sequence within the major histocompatibility complex (MHC) in human individuals constitutes an underappreciated genetic diversity that has many practical implications. We developed a model to describe the variable sizes of stretches of conserved DNA in the MHC using the known frequencies of four different kinds of small (< 0.2 Mb) blocks of relatively conserved DNA sequence: HLACw/B; TNF; complotype; and HLA-DR/DQ. Each of these small blocks is composed of two or more alleles of closely linked loci inherited as one genetic unit. We updated the concept of the conserved extended haplotype (CEH) using HLA allele identification and TNF microsatellites to show that specific combinations of the four blocks form single genetic units (! 1.5 Mb) with a total haplotype frequency in the Caucasian population of 0.30. Some CEHs extend to the HLA-A and -DPB1 loci forming fixed genetic units of up to at least 3.2 Mb of DNA. Finally, intermediate fragments of CEHs also exist, which are, nevertheless, larger than any of the four small blocks. This complexity of genetic fixity at various levels should be taken into account in studies of genetic disease association, immune response control, and human diversity. This knowledge could also be used for matching CEHs and their fragments for patients undergoing allotransplantation. Several investigators have recently described the existence of 'blocks' of conserved DNA sequence throughout the human genome defined by single nucleotide polymorphisms (SNPs) and ranging in size from 5 to 150 kilobases (kb) (1-3). These findings suggest that such blocks are maintained as genetically fixed 'haplotypes' through the relative absence of genetic recombination within such regions. These reports prompted us to summarize the prior evidence for the existence of individual variation in the sizes of fixed stretches of inherited DNA, including conserved sequences of much greater length [up to at least 3.2 megabases (Mb)] in the human major histocompatibility complex (MHC) (4-20). We argue that it is critical not to misinterpret the
recent studies, which might lead one to oversimplify the uniformity in and underestimate the sizes of conserved DNA stretches in the human genome. We also argue that one must define haplotypes by pedigree analysis utilizing informative family studies prior to analyzing the lengths of conserved DNA sequence. The individual haplotype variation in conserved sequence length can then be determined precisely.
Our view has important theoretical and practical consequences. (Fig. 2) . Much larger stretches of shared conserved MHC DNA sequence also exist in human populations, consisting of combinations of four or more of these DNA blocks.
These longer stretches of conserved DNA sequence have been termed 'conserved extended haplotypes' (CEHs) by some (7) (8) (9) or 'ancestral haplotypes' by others (16, 17) (Fig. 2 ; haplotype #1). Finally, CEH 'fragments', which are shorter conserved DNA stretches than CEHs but which can be represented as two or three adjacent blocks of a specific CEH (e.g. haplotypes #2-8 of Fig. 2 ), are also quite common.
We use the term 'genetic fixity' herein to refer to the conservation of such haplotypes, including the conservation of DNA within small blocks and within larger stretches of DNA, among a relatively large number of unrelated individuals. Major histocompatibility complex blocks and CEHs are often ethnic-or population-specific. Conserved extended haplotypes might represent either specific combinations of linked blocks or the ancestral sequences from which particular blocks subsequently fragmented. The genetic markers within a given block or within a larger stretch of DNA containing that block should and would predictably be identical (or nearly identical) in unrelated individuals, as would the entire DNA sequence encompassing these markers. 'frozen' block (1-3). Although not defined in the same manner as recently reported SNP blocks (1) (2) (3) , these MHC blocks are of the same size range. The first identification of such a block, in 1983, was the complotype genetic unit (13) . The first use of the term 'block' referring to conservation of such short haplotypes in the MHC was in the late 1980's (21, 22) , and the term has been used explicitly (17, 23) and implicitly (19) for many years.
At least in the MHC, however, DNA sequence fixity for much longer distances is common. Our original CEH definition required pedigree analysis in family studies to demonstrate at least 1. 35 Mb of fixed DNA sequence in apparently unrelated chromosomes with boundaries from HLA-B to -DQB1 (7) (8) (9) 24) . Operationally, this meant the identification of identical markers at HLA-B, complotype and -DRB1. Other markers within this region, such as those within the TNF block (25), were added later. As HLA-B is in strong linkage disequilibrium (LD) with HLA-Cw (please see below), and our limited studies show that almost every CEH bears only one HLA-Cw allele (26) , expansion of the concept of CEH to include HLA-Cw is relatively straightforward. If one expands the definition to include the loci from HLA-A to -DPB1 (9,17), a CEH would be a conserved DNA stretch of at least 3.2 Mb. On the other hand, many other unrelated individual haplotypes carry only shorter segments of randomly associated blocks, each of less than 0.2 Mb.
Major histocompatibility complex blocks and CEHs can be used as markers of human diversity, ethnicity and/or nationality (4, 9, 16, 17, 27, 28) and for identification and localization of disease susceptibility genes (10, 16-18, 20, 28-35) . The top haplotype in 
Statistical analysis of MHC haplotypes
The original description of human leukocyte antigen (HLA) haplotypes was made by Ceppellini in 1967, using genotyped data obtained in family studies, to explain the coinheritance of alleles of two closely linked loci (38) . The concept of LD, that is the mathematical prediction Haplotypes are listed in ascending order of HLA-B allele number. Haplotypes carrying disease susceptibility: 2) Myasthenia gravis; 2, 5, 6, 7) Type I diabetes; 2, 7, 14) Gluten-sensitive enteropathy and dermatitis herpetiformis; 5, 9) Rheumatoid arthritis; 8) C2 deficiency; 15) 21-h Hydroxylase deficiency (congenital adrenal hyperplasia).
Haplotypes ethnicity-specific: 4,9) Southern Europeans; 7) Sardinians, Basques; 11) Ashkenazi Jews. '-' indicates not present. Although LD has been used frequently for MHC analysis since its early description, the choice of LD criteria is not easy (45, 46) . Linkage disequilibrium is most often used to predict the frequency of haplotypes based on measurements of the non-random association of alleles between two or more MHC loci (e.g. HLA-Cw and -B; -DR and -DQ; or -DPA1 and -DPB1). It is essentially a statistical tool for detecting conserved DNA sequence between nearby genetic loci.
However, accurate measurement of LD and its biological significance are not clearly known. Although LD does not formally predict or require fixity of the intervening DNA sequence, the degree to which LD is a useful method for identifying conserved DNA depends on it being more than simply a measure of the non-random association of two otherwise unlinked loci.
No uniform method is used to determine haplotype frequencies, LD Improved haplotype analysis by conserved DNA length segregation The relative distribution of a full CEH to its larger fragments and its small blocks has never been reported for a well-defined human population using a database of unrelated haplotypes defined by pedigree analysis. Excluding the HLA-A locus, CEHs 1-4, 9, 10, represents all of the haplotypes lacking any block of the specific CEH under consideration. After a global analysis testing all of the CEHs in Table 1 or 2, haplotype #16 ( Fig. 2 ) would represent all of the haplotypes formed by small blocks that are absent from the known CEHs under study. Remaining to be proven, but we believe likely, is that CEHs (type #1) and fragments (types #2-8) are examples of nonrandomness and that all of the others represent relative randomness.
We suggest using a simple 2 Â 2 contingency chi-square (w 2 ) test to assign significance of LD. We present, as an example, an association study between CEHs and a nearby locus (HLA-A). We begin with the known frequencies of particular CEHs and HLA-A alleles.
These are used to calculate the significance of the association by 
HLA-A/B/DR haplotypes defined serologically
Common MHC haplotypes and, earlier, CEHs were first identified using serological reagents against specific HLA gene products (42) .
The frequencies of haplotypes reported for most donor registries reflect gross estimations of common haplotype frequencies in several ethnic groups combined. However, haplotypes are best determined in well-characterized populations. Although not ideal, grouping individuals into broad ethnic categories provides a first attempt at such characterization. Table 3 Global LD analysis of HLA-A/B haplotypes yielded qualitatively similar findings with regard to relative ethnic HLA diversity (44).
Thus, there was a higher diversity of HLA haplotypes among African-Americans than among any of the other ethnic groups Table 3 . The TNF and complotype assignments for these haplotypes are shown in Tables 1 and 2 . Remaining to be determined is whether these differences are inherent to the MHC, inherent to the SNP methodology of the new reports (1-3), or whether they simply reflect the intensity with which the MHC region has been studied as compared with the rest of the human genome.
Furthermore, despite both the likelihood of many recombination 'hotspots' within the MHC and this great diversity within specific MHC blocks, many CEHs exist at relatively high frequency.
Specific MHC locus alleles or specific MHC blocks are often 'haplospecific' for particular CEHs. In many cases, one particular allele at one locus is highly correlated with an entire MHC CEH. In other cases, a specific set of alleles within a single MHC block or in more than one block is required to achieve a high correlation with a particular CEH. However, haplotype determination by family study is required to rigorously define a complete haplotype. (although, we argue, the majority are contributed by this CEH). The divergence in frequencies between any given CEH and specific blocks within the haplotype depends on several factors, including at least the degree to which a particular block exists in more than one extended haplotype (i.e. is not haplospecific) and the degree of fragmentation of the extended haplotype in the study population.
HLA-Cw/B block
The 
HLA-DR/DQ block
The conserved MHC block with the greatest length, approximately 150 kb, is the DNA segment marked by HLA-DRB3/4/5 and DQB1.
HLA-DRB1 and -DQA1 are other well-characterized polymorphic loci located within this DNA segment. In addition to the polymorphic features that the HLA-DR/DQ block shares with other MHC blocks, this block has an apparently unique polymorphism: only one (or even none) of the HLA-DRB3, -DRB4 or -DRB5 loci is present in any given HLA-DR/DQ block. The HLA-DRB1 locus is the most polymorphic marker of the block and therefore the most informative, often being a haplospecific marker for the block. In other words, the DRB1 allele by itself can fairly reliably predict the occurrence of specific DRB3/4/5 and DQA1 alleles in several ethnic groups. Table 4 shows common HLA-DR/DQ blocks in North-Americans identified by Gjertson and Lee (43) . This is a complete list of identified DR/DQ blocks that occur at a frequency of at least 0.01 in at least one broadly defined ethnic group of North America. Some small blocks are shared in all ethnic groups whereas others are ethnicspecific. Some HLA-DR/DQ blocks commonly found in European
Caucasians (e.g. HLA-DRB1*1301 or *1302, DQB1*0601) are detected less frequently in Caucasians of North America (and therefore do not appear in Table 4 ). This is almost certainly because of differences in the frequencies of European ancestries of both the North-American and European individuals studied. Similarly, Hispanic-Americans of admixed ethnic background show variable proportions of haplotypes common in southern Europe as well as those found in Native-Americans and African-Americans, depending on the specific sets of individuals tested. The data shown in Table 5 are a summary of many studies presented during the 11th and 12th 
Complotype block
The four MHC-encoded complement genes (C4B, C4A, BF and C2) 
TNF block
The shortest conserved MHC block studied in some detail, at approximately 7 kb, is the TNF block, comprising the genes for TNFa 
Conserved extended haplotypes
The conservation of fragments or blocks has led to the hypothesis that DNA fragments or combinations of them can be traced back in human history (4, 5, 7-9, 16, 17, 26, 27, 31, 59, 63, 67) . Conserved Extension of CEHs to HLA-A Conserved extended haplotypes associated at high frequency with specific HLA-A alleles are common, which suggests that the fixity of CEH DNA may often (although variably) extend through HLA-A (8).
The HLA-A locus is a marker of a block described before as 'alpha' (17) . In this review, we wish to use HLA-A simply as a distant locus from the HLA-Cw/B block to define the degree to which one can extend the length of particular CEHs. Further quantitative work is required to define this association and to determine the degree of genetic fixity for particular CEHs. (Table 6 ).
Extension of CEHs to HLA-DP At least four CEHs often found in Caucasians extend to the MHC region containing HLA-DPB1 (69) (what we refer to here as the HLA-DP region). However, others, using only LD predictions, have reported a lack of non-random association even between HLA-DR, -DQ and -DP (70) (71) (72) . This is an example where two-locus LD studies fail to detect information obtained through CEH analysis in family studies. As only a fraction of any given HLA-DR/DQ block in a pool of haplotypes is within any specific CEH, the lack of LD detected is not surprising.
Clearly, the proportion of a haplotype in a population that extends to HLA-DP varies both among different haplotypes and among different populations.
In 
Discussion
The MHC region of human chromosome 6 contains more than 200 identified genetic loci (17) . In this review, we updated the information available for a limited number of the most widely studied loci of the region. We also presented evidence here for the existence of four small blocks of conserved DNA sequence in the MHC to complement recent reports of small conserved SNP haplotype blocks separated by areas of relatively high rates of recombination (2, 3) . Finally, we Therefore, LD measurements should take into account the sizes of DNA based on the 16 different kinds of haplotypes depicted in Fig. 2 and the specific CEHs identified in Tables 1 and 2 (and/or with only fragments of these haplotypes showed that HLA-DR3, -DQ2 and -DR7, -DQ2 were most common in GSE, but SC01 was the most common block marker for DH. These studies suggested that the MHC susceptibility gene for DH is located between class II and complotype, whereas that for GSE is within or at least closer to the class II region. The DR/DQ blocks for these two CEHs have now been determined to be (DRB1*0701, DQB1*0202) and (DRB1*0301, DQB1*0201). Similarly, we mapped the susceptibility allele for pemphigus vulgaris in patients of non-Jewish origin to the class II (HLA-DRB1*1401, DQB1*0503) and not to the complotype region (SB45) of the CEH [HLA-Cw*0303, B*5502, SB45, DRB1*1401, DQB1*0503], because the disease was associated with both that CEH and its fragments lacking complotype and the HLA-Cw/B block (34) [with allele level deductions of the class I and class II blocks based on known frequencies (43, 44) ]. Finally, using this technique, others localized a susceptibility gene for IgA deficiency to the HLA class III region (76) or to that region as well as two class II sites (77) .
Perhaps the most important practical utility of the information available and summarized in this report is that a significant improvement is possible in transplantation donor registry matching of patients with potential donors. New strategies could easily be implemented to complete the MHC typing information (14, 24) , at least of the CEHs (at least 25-30% of all haplotypes in Caucasians) and their fragments (perhaps a further 25-50% more) in donors of transplantation registries. Such improved typing results could serve many purposes, including practical procedures to improve the efficiency of identifying matched donors. For patients with only CEH fragments or MHC blocks, it is possible to select the donors having the highest degree of block or fragment matching (14, 78, 79) . In this regard, the observation that matching for CEHs resulted in a lack of alloreactivity in the mixed lymphocyte reaction is crucial (15, 80, 81) . These Yunis et al : Diversity of DNA sizes (blocks) of human MHC exactly with the presence of MHC markers or haplotypes (84, 85 ). It appears that genetic distances based on blood groups will indicate a truer degree of ethnic admixture and relatedness.
Speculation regarding the origin, age and mechanisms maintaining MHC CEHs would require a much longer presentation than is possible here. We wish to make only the most general of comments.
Our assumption is that any unique marker of the polymorphic loci of a haplotype, including SNPs, would be a marker of the age of the MHC haplotype (5, 86) . Two or more ancient mutations or gene conversions inherited together will have random frequencies, but during evolution they are fixed at the population level and may prove to have a selective value (86, 87) . Other markers may have been incorporated long before the specific haplotype formed. For example, the -307 SNP of TNFA was found in non-human primates (88) and is present in all ethnic groups and many nationalities, although not most CEHs. This SNP variant was incorporated into the common Caucasian haplotype [HLA-B8, DR3] during its development. It is unclear how long a time period was required to produce the number of recombinants to unite several sets of non-randomly associated alleles.
Natural selection is often mentioned as a major influence in MHC evolution and in the formation of CEHs (5, 86) . However, non-random association between distant loci may be the result of directional selection (e.g. molecular cooperation during the immune response).
Alternatively, it could be the result of balancing selection by a higher replacement rate of different alleles at certain loci or of departure from neutral expectation of HLA distribution. The latter was demonstrated by statistical tests (89) (90) (91) (92) . In this regard, low homozygosity in class I alleles was demonstrated while class II appeared selectively neutral (84) . The high diversity of class I molecules (higher in Africans) could be the result of better protection given to a population that has a wider variety of class I molecules with which to present endogenous peptides (93) . Finally, we agree that the components of a conserved haplotype do not have to be functional. The entire sequence is fixed simply because recombination has not occurred.
A relative lack of mutational changes may be the result of a high concentration of functional genes within the MHC (41, 86) . Alternatively, many haplotypes may be so young that a significant mutational difference has not had time to occur. The explosion of the human population, particularly during the past several hundred years, may also have contributed. For a more complete discussion of possible mechanisms involved in CEH formation and maintenance, see [17] .
Summary
This review was prompted by recent reports of the haplotype block nature of the human genome. We believe that such reports must be supplemented with the work presented here to take into account the variability of the stretches of fixed DNA sequence in the MHC region. 
